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HIGHLIGHTS 


►  CNF  supported  high-alloying  PdAu  nanoparticles  are  successfully  synthesized. 

►  The  high-alloying  PdAu/CNF  exhibits  a  good  activity  for  formic  acid  electrooxidation. 

►  The  electronic  effect  of  Au  on  Pd  for  formic  acid  oxidation  is  proposed. 
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Carbon  nanofiber  (CNF)  supported  PdAu  nanoparticles  are  synthesized  with  sodium  citrate  as  the 
stabilizing  agent  and  sodium  borohydride  as  the  reducing  agent.  High  resolution  transmission  electron 
microscopy  (HRTEM)  characterization  indicates  that  the  synthesized  PdAu  particles  are  well  dispersed  on 
the  CNF  surface  and  X-ray  diffraction  (XRD)  characterization  indicates  that  the  alloying  degree  of  the 
synthesized  PdAu  nanoparticles  can  be  improved  by  adding  tetrahydrofuran  to  the  synthesis  solution. 
The  results  of  electrochemical  characterization  indicate  that  the  addition  of  Au  can  promote  the  elec- 
trocatalytic  activity  of  Pd/C  catalyst  for  formic  acid  oxidation  and  the  CNF  supported  high-alloying  PdAu 
catalyst  possesses  better  electrocatalytic  activity  and  stability  for  formic  acid  oxidation  than  either  the 
CNF  supported  low-alloying  PdAu  catalyst  or  the  CNF  supported  Pd  catalyst. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  electrooxidation  of  formic  acid  has  attracted  increasing 
attention  due  to  the  promising  application  of  direct  formic  acid  fuel 
cells  (DFAFCs)  [1-3].  It  is  now  generally  recognized  that  the  formic 
acid  electrooxidation  proceeds  through  a  dual-path  mechanism 
whereby  one  path  is  the  direct  oxidation  of  formic  acid  via  dehy¬ 
drogenation  and  the  other  is  the  oxidation  of  formic  acid  via  an 
adsorbed  CO  intermediate  that  is  formed  by  dehydration  of  formic 
acid  [4,5].  The  previous  studies  have  revealed  that  Pd  in  nano¬ 
particle  forms  can  catalyze  the  oxidation  of  formic  acid  at  the  anode 
of  DFAFCs  with  greater  resistance  to  CO  than  Pt  catalysts  [4,6]. 
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Although  Pd  shows  higher  electrocatalytic  activity  for  formic 
acid  oxidation  than  Pt,  the  activity  and  stability  of  Pd  catalyst  are 
still  in  need  of  improvements  to  meet  the  requirements  of  the 
anode  catalyst  in  DFAFCs  and  much  effort  has  therefore  been 
devoted  to  synthesize  and  develop  novel  Pd-based  catalysts.  It  is 
reported  that  the  catalytic  activity  and  stability  of  Pd  catalyst  for 
formic  acid  oxidation  could  be  improved  by  the  addition  of  metal  or 
metal  oxide  promoters  [6-8].  Among  the  Pd-based  catalysts, 
Pd-Au  binary  system  has  attracted  the  most  attention.  Masel  et  al. 
[6]  discovered  that  the  addition  of  Au  to  the  carbon  supported  Pd 
catalyst  could  aid  the  electrooxidation  of  formic  acid  in  some 
manner  through  either  electronic  modification  of  the  catalyst, 
a  two-body  effect  or  catalytic  activity  of  Au  toward  poisons/formic 
acid.  However,  the  PdAu  particle  size  in  the  PdAu/C  catalyst 
synthesized  by  Masel  et  al.  is  very  large  and  the  size  distribution  is 
quite  broad  [6].  It  is  well  known  that  small  particle  size  could  offer 
more  active  sites  for  carrying  catalytic  reactions.  Therefore, 


Y.-H.  Qin  et  al.  /  Journal  of  Power  Sources  215  (2012)  130-134 


131 


synthesis  of  PdAu  nanoparticles  with  relatively  small  particle  size 
and  narrow  size  distribution  appears  to  be  significantly  desirable. 

In  addition  to  the  particle  size,  the  catalytic  properties  of  Pd-Au 
catalysts  are  highly  dependent  on  their  structure  (e.g.,  core-shell 
structure,  alloy)  [9].  Zhou  et  al.  [10]  prepared  the  carbon  sup¬ 
ported  bimetallic  Au-Pd  nanoparticles  with  a  core-shell  structure 
and  found  that  the  core-shell  structure  of  bimetallic  Au-Pd  cata¬ 
lyst  not  only  enhanced  the  Pd  activity  in  formic  acid  electro¬ 
oxidation  but  also  improved  the  catalyst  stability  due  to  the 
interaction  between  Pd  shell  and  Au  core.  Hsing  et  al.  [9]  prepared 
alloy  and  non-alloy  bimetallic  PdAu  nanoparticles  using  a  right 
rate-limiting  strategy  and  found  that  the  PdAu  alloys  exhibited 
higher  Pd-specific  activities  toward  formic  acid  oxidation 
compared  with  the  non-alloy  counterpart  or  individual  Pd  catalyst. 
Hence  the  synthesis  of  high-alloying  PdAu  nanoparticles  with  small 
particle  size  for  formic  acid  oxidation  appears  to  be  highly 
desirable. 

The  synthesis  of  Au  and  Pd  nanocrystals  by  citrate  reduction 
could  be  used  as  a  guide  in  the  preparation  of  PdAu  particles  with 
small  particle  size  and  narrow  size  distribution  [11—14].  Turkevich 
reported  the  synthesis  of  Au  and  Pd  nanocrystals  with  a  relatively 
narrow  size  distribution  by  citrate  reduction  method,  which 
involves  the  reaction  of  hot  Au  and  Pd  precursors  with  trisodium 
citrate  solution  [11,12].  In  the  Turkevich  method,  Au  and  Pd  nano¬ 
crystals  with  controllable  particle  size  could  be  synthesized 
because  the  citrate  ions  act  as  both  reducing  and  stabilizing  agents. 
It  is  reported  that  the  residual  citrate  could  be  easily  removed  by 
washing  with  deionized  water  [15],  which  is  another  merit  of  the 
Turkevich  method  because  a  clean,  stabilizing  agent-free  particle 
surface  is  highly  desirable  to  maintain  catalytic  activities  of  the  as- 
synthesized  nanoparticles. 

The  synthesis  of  high-alloying  PtRu  nanoparticles  by  a  chemical 
reduction  method  in  a  tetrahydrofuron-water  (THF— H2O)  solution 
could  be  used  as  a  guide  in  the  preparation  of  high-alloying  PdAu 
nanoparticles  [16,17].  In  this  work,  highly  alloyed  and  highly 
dispersed  PdAu  nanoparticles  were  supported  on  carbon  nano¬ 
fibers  (CNFs)  by  a  modified  Turkevich  method  with  trisodium 
citrate  as  stabilizing  agent  and  NaBH4  as  reducing  agent  in 
a  THF-H2O  solution,  and  the  catalytic  activity  of  the  high-alloying 
PdAu/CNF  catalyst  for  formic  acid  oxidation  was  compared  with 
those  of  the  low-alloying  PdAu/CNF  catalyst  and  the  Pd/CNF 
catalyst. 

2.  Experimental 

The  CNFs  used  here  were  platelet  type  CNFs,  which  were 
synthesized  and  purified  according  to  the  literature  [18].  Sono- 
chemical  oxidation  treatment  was  employed  to  import  oxygen- 
containing  functional  groups  onto  CNFs  [19,20].  The  following 
section  describes  the  detailed  synthesis  procedure  of  the  high- 
alloying  PdAu/CNF  catalyst  with  a  mass  ratio  of  Pd:Au  =  3:1.  First, 
1.762  mL  of  0.1  M  PdCl2-2H20  (in  0.1  M  HC1)  and  653.4  pL  of 
0.04856  M  AuC13-HC1-4H20  were  added  dropwise  to  a  stirred 
10  mL  of  20.8  mM  trisodium  citrate  solution  which  was  kept  at 
10  °C  and  subsequently  the  pH  value  of  the  solution  was  adjusted  to 
5.5  by  adding  0.02  M  NaOH  solution.  Then  the  above  solution  was 
added  dropwise  to  a  stirred  20  mL  (10  mL  THF+10  mL  water)  of 
5  mg  mL-1  CNF  slurry.  After  18  h  of  stirring  at  10  °C.  15  mL  of  0.3  M 
freshly  prepared  ice-cold  NaBH4  solution  was  added  to  the  above 
solution  in  a  dropwise  manner.  The  solution  was  stirred  for  addi¬ 
tional  3  h  at  10  °C.  The  resulted  material  was  filtered  and  washed 
with  deionized  water  and  then  dried  at  80  °C  overnight.  The  high- 
alloying  PdAu/CNF  catalyst  with  a  total  noble  metal  loading  of 
20  wt.  %  was  obtained.  And  Au/CNF  catalyst  with  an  Au  loading  of 
20  wt.  %  was  prepared  by  the  same  procedure.  For  comparison, 


a  low-alloying  PdAu/CNF  catalyst  and  a  Pd/CNF  catalyst  each  with 
a  total  noble  metal  loading  of  20  wt.  %  were  prepared  with  the  same 
procedure  except  that  water  was  used  instead  of  THF/water  for  CNF 
slurry  preparation.  The  low-  and  high-alloying  PdAu/CNF  catalysts 
were  denoted  as  Pd3Aui/CNF-I  and  Pd3Aui/CNF-II,  respectively.  The 
noble  metal  loadings  of  the  catalysts  determined  by  inductively 
coupled  plasma  atomic  emission  spectroscopy  (ICP-AES,  Thermo 
Elemental  IRIS  1000)  analyses  were  consistent  with  the  nominal 
values. 

X-ray  diffraction  (XRD)  patterns  of  the  obtained  catalysts  were 
recorded  on  an  X-ray  diffractometer  (D/MAX  2550  VB/PC,  RIGAKU) 
using  Cu  Ka  as  radiation  source  (A  =  0.154056  nm).  High  resolution 
transmission  electron  microscopy  (HRTEM  FEI  Tecnai  G2  F30  S- 
Twin)  was  used  for  particle  size  and  size  distribution  analyses. 
Electrochemical  characterization  was  performed  on  a  PGSTAT  30 
electrochemical  workstation  (Eco  Chemie  B.V.,  The  Netherlands). 
All  experiments  were  conducted  in  a  three-electrode  system  at 
18  ±  1  °C.  The  working  electrode  was  prepared  as  follows.  A 
suspension  of  Pd3Aui/CNF  (Pd/CNF)  ink  was  prepared  by  ultra- 
sonically  dispersing  1  mg  of  Pd3Aui/CNF  (Pd/CNF  or  Au/CNF)  in 
90  pL  of  ethanol  and  10  pL  of  Nation  (5  wt.  %)  solution  for  30  min.  A 
2  pL  of  the  above  solution  was  pipetted  onto  a  glassy  carbon  (GC) 
electrode  with  3  mm  diameter,  followed  by  solvent  evaporation  at 
room  temperature.  The  loading  of  PdAu  (Pd  or  Au)  on  the  working 
electrode  was  4  pg.  A  Pt  foil  and  a  saturated  calomel  electrode  (SCE) 
were  used  as  counter  electrode  and  reference  electrode, 
respectively. 

3.  Results  and  discussion 

Fig.  1  shows  the  XRD  patterns  of  Au/CNF,  Pd/CNF,  Pd3Aui/CNF-I 
and  Pd3Aui/CNF-II  catalysts.  Positions  of  the  diffraction  peaks  of  Pd/ 
CNF  and  Au/CNF  catalysts  fit  well  with  their  characteristic  face 
centered  cubic  (fee)  patterns.  It  can  be  seen  that  the  PdAu  particles 
in  the  Pd3Aui/CNF-I  catalyst  exhibit  two  phases,  a  Pd-rich  phase 
and  an  Au-rich  phase,  with  the  former  being  dominant  because  the 
Pd  loading  is  much  larger  than  the  Au  loading  in  the  catalyst.  While 
the  PdAu  particles  in  the  Pd3Aui/CNF-II  catalyst  exhibit  only 
a  single  phase  with  the  diffraction  peak  positions  located  between 
those  of  pure  Pd/C  and  Au/C,  indicating  that  Pd  and  Au  are  highly 
alloyed,  forming  high-alloying  PdAu  particles.  The  crystallite  sizes 
and  lattice  parameters  of  Pd/CNF,  Pd3Aui/CNF-I  and  Pd3Aui/CNF-II 
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Table  1 

XRD  data  of  Pd/CNF,  Pd3Aui/CNF-I  and  Pd3Aui/CNF-II  catalysts. 


Catalysts 

Pd  (111) 
at  29 1° 

Crystallite 

size/nm 

Lattice  parameter/ 

nm 

Xau/% 

Pd/CNF 

40.04 

4.0 

0.3897 

0 

Pd3Aui/CNF-I 

39.90 

3.9 

0.3910 

7.1 

Pd3Au!/CNF-II 

39.78 

5.5 

0.3922 

13.7 

catalysts,  calculated  based  on  the  diffraction  peaks  of  Pd  (111),  are 
listed  in  Table  1. 

As  can  be  seen  from  Table  1,  the  20  values  of  Pd(lll )  of  Pd3Aui / 
CNF-I  and  Pd3Aui/CNF-II  are  smaller  than  that  of  Pd/CNF,  indicating 
that  Au  has  entered  into  the  Pd  lattice  forming  PdAu  alloy,  as  also 
evidenced  by  the  lattice  expansion  due  to  the  bigger  radius  of  Au 
atom  as  compared  with  that  of  Pd  atom.  The  20  value  of  Pd(lll )  of 
Pd3Aui/CNF-II  was  smaller  than  that  of  Pd3Aui /CNF-I,  indicating 
that  more  Pd  atoms  in  the  Pd3Aui/CNF-II  catalyst  have  been 
replaced  by  Au  atoms  and  the  alloying  degree  of  PdAu  in  the 
Pd3Aui/CNF-II  catalyst  is  higher  than  that  in  Pd3Aui  /CNF-I  catalyst. 
Based  on  the  lattice  parameters,  the  alloying  degree  could  be 
estimated  by  Vegard’s  law  [21  ],  and  the  atomic  fractions  of  alloying 
Au  (xau)  in  the  Pd3Aui /CNF-I  and  Pd3Aui/CNF-II  catalysts  are  listed 
in  Table  1.  The  atomic  fraction  of  alloying  Au  (xau)  in  the  Pd3Aui/ 
CNF-II  catalyst  is  close  to  the  nominal  atomic  fraction  of  Au  (xAu) 


(15.3%  based  on  the  mass  ratio  Pd/Au=3:l),  confirming  the 
formation  of  high-alloying  PdAu  particles.  While  the  atomic  frac¬ 
tion  of  alloying  Au  (xAu)  in  the  dominant  Pd-rich  phase  of  Pd3Aui/ 
CNF-I  catalyst  is  less  than  half  of  the  nominal  atomic  fraction  of  Au 
(xAu),  indicating  the  formation  of  low-alloying  PdAu  particles. 

The  different  alloying  degrees  of  PdAu  nanoparticles  in  the 
Pd3Aui /CNF-I  and  Pd3Aui /CNF-II  catalysts  can  be  attributed  to  the 
effect  of  TFIF.  Lu  et  al.  [16]  prepared  Pt-Ru/C  catalyst  by  a  chemical 
reduction  method  in  an  aqueous  solution  and  found  that  the 
alloying  degree  of  PtRu  particles  could  be  improved  by  adding  THF 
to  the  aqueous  solution,  which  was  believed  to  be  due  to  the 
formation  of  the  complex  of  THF  and  Pt  precursor  (H2PtCl6),  leading 
to  the  simultaneous  reduction  of  Pt  and  Ru  and  the  easy  formation 
of  PtRu  alloy.  Lu  et  al.  [17]  also  found  that  the  addition  of  THF  could 
improve  the  alloying  degree  of  PdAu  particles. 

Fig.  2  shows  the  HRTEM  images  and  the  corresponding  size 
distribution  histograms  of  Au/CNF,  Pd/CNF,  Pd3Aui/CNF-I  and 
Pd3Aui /CNF-II  catalysts.  It  can  be  seen  that  the  as-synthesized 
Pd(Au)  particles  are  well  dispersed  in  the  four  catalysts,  indi¬ 
cating  that  the  modified  Turkevich  method  is  powerful  to  synthe¬ 
size  particles  with  high  and  uniform  dispersion.  It  is  interesting  to 
note  that  the  PdAu  nanoparticles  in  the  Pd3Aui /CNF-I  catalyst 
(Fig.  2(c))  have  relatively  small  particle  size  and  appear  to  be  more 
uniform  as  compared  with  the  pure  Pd  nanoparticles  in  the  Pd/CNF 
catalyst  (Fig.  2(b)).  Similar  phenomena  were  also  observed  by  Lu 


Fig.  2.  HRTEM  images  and  the  corresponding  particle  size  distribution  histograms  of  Au/CNF  (a),  Pd/CNF  (b),  Pd3Aui/CNF-I  (c)  and  Pd3Aui/CNF-II  (d)  catalysts. 
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et  al.  [22]  in  their  synthesized  Pdlr  nanoparticles  and  Masel  et  al.  [6] 
in  their  synthesized  PdAu  nanoparticles,  indicating  that  the  addi¬ 
tion  of  a  second  metal  may  have  grain-refining  effect.  However,  the 
mean  particle  size  of  Pd3Aui /CNF-II  catalyst  is  larger  than  those  of 
Pd/CNF  and  Pd3Aui /CNF-I  catalysts,  which  may  result  from  the 
reduced  nucleation  rate  of  PdAu  particles  in  the  presence  of  THF. 

Fig.  3(a)  shows  the  cyclic  voltammograms  of  Pd/CNF,  Pd3Aui/ 
CNF-I  and  Pd3Aui/CNF-II  catalysts  in  deaerated  0.5  M  H2SO4.  All 
catalysts  exhibit  the  typical  hydrogen  desorption/adsorption  peaks 
(-0.2-0  V)  and  surface  oxidation/reduction  peaks  (higher  than 
0.3  V).  It  is  worth  noting  that  the  reduction  peaks  of  surface  oxide 
exhibit  an  anodic  shift  on  Pd3Aui/CNF  catalysts  compared  with  that 
on  Pd/CNF  catalyst.  Pd3Aui/CNF-II  catalyst,  in  particular,  exhibits 
the  highest  shift,  indicating  an  easier  removal  of  adsorbed  oxygen 
species  from  high-alloying  Pd3Aui/CNF-II  catalyst  compared  with 
that  from  low-alloying  counterpart  or  Pd/CNF  [9],  which  may  result 
from  the  size  and  electronic  effects.  On  larger  Pd  particles,  easier 
removal  of  adsorbed  oxygen  species  was  observed  [15].  The  elec¬ 
tronic  effect  in  the  high-alloying  Pd3Aui/CNF-II  catalyst  may  also 
play  a  role  in  promoting  the  removal  of  adsorbed  oxygen  species, 
which  will  be  discussed  later. 

Fig.  3(b)  shows  the  cyclic  voltammograms  of  Pd/CNF,  Au/CNF, 
Pd3Aui /CNF-I  and  Pd3Aui/CNF-II  catalysts  in  deaerated  0.5  M 


Fig.  3.  Cyclic  voltammograms  of  Au/CNF,  Pd/CNF,  Pd3Aui/CNF-I  and  Pd3Aui/CNF-II 
catalyst  electrodes  in  0.5  M  H2S04  +  0.5  M  HCOOH  solution  with  scanning  rate  of 
50  mV  s_1  (the  noble  metal  loading  in  each  of  the  electrode  was  4  pg). 


H2SO4+O.5  M  HCOOH.  It  can  be  seen  that  no  oxidation  peaks 
present  for  the  Au/CNF  catalyst,  indicating  that  Au/CNF  catalyst  has 
no  electrocatalytic  activity  for  formic  acid  oxidation.  The  values  of 
peak  potential  Ep  and  peak  current  density  jp  of  formic  acid 
oxidation  on  Pd/CNF,  Pd3Aui /CNF-I  and  Pd3Aui/CNF-II  catalysts  are 
listed  in  Table  2.  As  can  be  seen  from  the  values  of  Ep  and  jp  that  the 
Pd3Aui/CNF-II  catalyst  exhibits  the  smallest  Ep  and  the  highest  jp 
values  for  formic  acid  oxidation,  while  the  Pd3Aui /CNF-I  catalyst 
exhibits  the  highest  Ep  and  the  smallest  jp  values,  indicating  that 
the  alloying  degree  of  PdAu  particles  has  a  significant  effect  on  their 
electrocatalytic  activity  for  formic  acid  oxidation. 

The  Pd3Aui /CNF-I  catalyst  consists  of  two  phases,  a  Pd-rich  and 
an  Au-rich  phase,  while  the  latter  may  have  little  or  no  electro¬ 
catalytic  activity  for  formic  acid  oxidation,  leading  to  low  utilization 
of  noble  metals  and  low  electrocatalytic  activity  of  Pd3Aui /CNF-I 
catalyst.  It  is  worth  noting  that  although  Au-rich  phase  may  have 
little  or  no  electrocatalytic  activity  for  formic  acid  oxidation,  it  may 
play  a  role  in  promoting  Pd  catalyst  for  formic  acid  oxidation.  As  can 
be  seen  from  Table  2,  the  current  density  of  formic  acid  oxidation 
on  Pd/CNF  catalyst  (33.4  mA  cm-2)  is  1.14  times  larger  than  that  on 
Pd3Aui/CNF-I  catalyst  (29.2  mA  cm-2),  while  the  Pd  loading  in  the 
former  is  1.25  times  larger  than  that  in  the  latter.  In  addition, 
a  portion  of  Pd  catalyst  in  the  Pd3Aui /CNF-I  catalyst  could  not 
catalyze  formic  acid  oxidation  due  to  the  possible  coverage  of  Pd 
surface  by  Au-rich  phase.  Hence,  the  mass  activity  jm  (mA  mgpj)  of 
Pd3Aui /CNF-I  catalyst  will  higher  than  that  of  Pd/CNF  catalyst  based 
on  the  Pd  loading  in  the  catalysts,  as  shown  in  Table  2. 

Although  the  particle  size  of  PdAu  in  Pd3Aui/CNF-II  catalyst  is 
larger  than  that  of  Pd  in  Pd/CNF  catalyst,  the  former  exhibits 
a  higher  peak  current  density  for  formic  acid  oxidation  than  the 
latter,  and  one  possible  mechanism  accounting  for  the  increased 
activity  is  as  follows.  Based  on  Hammer’s  theory  [23],  the  reactivity 
of  metal  catalyst  is  dependent  on  the  position  of  d-band  center. 
Based  on  theory  calculations,  Norskov  et  al.  [24]  found  that  d-band 
in  PdAu  alloy  shifted  relative  to  Pd  and  Au.  Lee  et  al.  [10]  found  that 
Pd  could  obtain  d-band  electrons  from  Au  in  the  Au@Pd/C  (Au  core 
Pd  shell)  catalyst,  and  this  electronic  effect  reduced  the  adsorption 
strength  of  -COOHadS  like  intermediate  species  generated  during 
formic  acid  oxidation  on  Pd  surface,  contributing  to  the  release  of 
surface  active  sites  of  Pd  [9,10].  It  is  worth  noting  that  the  peak 
potential  for  formic  acid  oxidation  increases  in  the  order  of  Pd3Aui/ 
CNF-II  <  Pd/CNF  <  Pd3Aui /CNF-I,  which  may  mainly  result  from  the 
particle  size  effect.  Generally,  Pd(110)  and  Pd(lll)  are  more  active 
than  Pd  (100),  but  Pd(110)  surface  in  nanoparticles  is  not  stable  due 
to  higher  surface  energy.  An  increase  in  Pd  particle  size  leads  to  the 
increase  of  Pd(lll)  planes,  thus  larger  Pd  particles  with  more 
Pd(lll )  planes  would  be  more  active  for  formic  acid  oxidation  [15]. 

The  mean  particle  size  of  PdAu  particles  in  the  Pd3Aui /CNF-II 
catalyst  is  close  to  that  of  Pd  particles  in  the  highly  dispersed  and 
active  Pd/C  catalyst  synthesized  by  Cheng  et  al.  [5],  while  the  mass 
activity  of  the  former  for  formic  acid  oxidation  is  much  higher  than 
that  of  the  latter  (0.63  mA  mgFdAu  vs.  0.52  mA  mgFd  based  on  the 
peak  current  density  and  the  noble  metal  loading  of  each  catalyst 
electrode),  which  may  result  from  the  electronic  effect  of  Au  on  Pd 
for  formic  acid  oxidation,  namely  by  releasing  the  active  sites  on  Pd 
surface  for  further  electrocatalytic  reaction. 


Table  2 

The  values  of  peak  potential,  current  density  and  mass  activity  of  Pd/CNF,  Pd3Au3/ 
CNF-I  and  Pd3Aui/CNF-II  catalysts  for  formic  acid  oxidation. 


Samples 

£P/v 

jp/mA  cm  2 

Jrn/mA  mgpd 

Pd/CNF 

0.211 

33.4 

0.58 

Pd3Aui /CNF-I 

0.230 

29.2 

0.68 

Pd3Aui /CNF-II 

0.193 

36.3 

0.85 
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Fig.  4.  Chronoamperometric  curves  of  Pd/CNF,  Pd3Aui/CNF-I  and  Pd3Aui/CNF-II  cata¬ 
lyst  electrodes  in  0.5  M  HCOOH  +  0.5  M  H2S04  solution  at  the  potential  of  0.1  V  (vs. 
SCE). 

The  electrocatalytic  stability  test  for  Pd/CNF,  Pd3Aui/CNF-I  and 
PdsAui/CNF-II  catalysts  for  formic  acid  oxidation  have  been  carried 
out  by  the  chronoamperometry  technique  at  a  potential  of  0.1  V  (vs. 
SCE)  in  deaerated  0.5  FICOOFI+O.5  M  FI2SO4  solution  and  the  cor¬ 
responding  results  are  shown  in  Fig.  4.  An  initial  decrease  in  the 
current  density  with  time  due  to  the  intermediate  poisoning 
species  formed  by  formic  acid  oxidation  can  be  observed  at  all 
catalysts.  As  expected,  Pd3Aui/CNF-I  and  Pd3Aui/CNF-II  catalysts 
demonstrate  better  electrocatalytic  stability  for  formic  acid  oxida¬ 
tion  than  Pd/CNF  catalyst  due  to  the  above  mentioned  electronic 
effect.  Values  of  the  current  measured  after  3600  s  are  0.163,  0.226 
and  0.249  mA  on  Pd/CNF,  Pd3Aui/CNF-I  and  Pd3Aui/CNF-II  cata¬ 
lysts,  respectively,  indicating  that  the  addition  of  Au  could  improve 
the  electrocatalytic  stability  of  Pd  for  formic  acid  oxidation  and  the 
high-alloying  Pd3Aui/CNF-II  catalyst  has  a  better  electrocatalytic 
stability  for  formic  acid  oxidation  than  the  low-alloying  Pd3Aui / 
CNF-I  catalyst. 

4.  Conclusions 

In  summary,  PdAu  nanoparticles  with  high-  and  low-alloying 
degrees  were  successfully  supported  on  CNF  supports.  The 


electrochemical  measurements  show  that  the  addition  of  Au  can 
promote  the  electrocatalytic  activity  of  Pd/C  catalyst  for  formic  acid 
oxidation.  The  CNF  supported  high-alloying  PdAu  catalyst  exhibits 
superior  catalytic  activity  and  stability  over  CNF  supported  low- 
alloying  PdAu  catalyst  and  the  CNF  supported  Pd  alone  catalyst, 
which  can  be  ascribed  to  the  electronic  effect  of  Au  on  Pd. 
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